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With the increasing integration of distributed photovoltaic (PV) generation, the
distribution network has met many challenges in operation and control. Ancillary
services on PV generation systems become a necessary function to enhance the
distribution network operating stability and resilience. However, due to the
complexity of the control framework and the outer data dependency, the time
delay on the measured data may bring a significant influence on the effectiveness
of the PV system ancillary service. To solve the time delay influence, in this paper, a
data-driven time-delay compensation strategy via the long short-term memory
(LSTM) method is proposed. The proposed compensation strategy could realize
the measured data compensation caused by the communication or calculation
delay to maintain the accuracy of measured data that is input into the PV system
ancillary service. Besides the LSTM-based method, the data-driven time-delay
compensation strategy also includes a LSTM activation control to realize the
smooth activation of the compensation strategy into the PV generation system. A
modified IEEE 123 bus system with multiple distributed PV generation systems
integration is conducted to verify the performance of the proposed compensation
strategy. The simulation results indicate that the proposed data-driven time-delay
compensation strategy could significantly improve the frequency performance of
the PV ancillary service. In addition, the simulation results also show that the LSTM
has a strong generalization ability for delay time constant and can deal with the
random time delay caused by communication and disturbances in distribution
systems.
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PV, time delay, frequency control, LSTM, time-delay compensation strategy

1 Introduction

The booming development of distributed energy resources brings many opportunities in
the power and energy field (Liang et al., 2023; Zhou et al., 2023). The power system is
experiencing significant changes with the growth in renewable energy, and the development
of the demand-side and energy storage (Sun et al., 2021b; 2023). Especially the rapid increase
of renewable energies in the distribution network has challenged the traditional operation
and control framework (Sun et al., 2021a).

In the conventional distribution network, the main component is load (Sun et al.,
2022).In addition, the power transmission direction in the distribution network is fixed,
which is from the transformer to the users. However, with the integration of distributed
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renewable energies into the distribution network, such as
photovoltaic (PV) system integration, everything is changed
(Raiker et al., 2021; Pranith et al., 2022). Due to most of the
PV systems being connected to distribution networks, the
composition of the distribution network is changed from
mainly based on the load to the mix of load and generations
(Ku et al, 2019; Zeraati et al., 2019). The largest change in the
distribution network operation caused by the composition
change is the power flow direction. Especially for the
distribution networks with highly proportional PV system
integration, the solar power generation from the PV system
will continuously flow to the transformer and be sent to a
high voltage level power system when the load demand in the
significantly This
phenomenon is called “backward power” and may cause many

distribution network s insufficient.
operation problems in protection devices, transformers, and
other electric components because the design of these devices
never considers this operation condition (Bellinaso et al., 2019).

To overcome these issues, the distribution system operators
The

straightforward method for addressing these issues is to

have developed many effective solutions. most
upgrade the existing conductors and distribution network
transformers by replacing with larger ones. However, this
method is expensive and may take a long time for
construction. Some anti-backflow current facilities are also
developed and have been equipped in the distribution network
to prevent the occurrence of reverse power from the PV system.
These advanced devices are effective, but they need to configure
at a specific place to maximize the effect. However, the available
place is precious in the distribution network, so it is difficult to
satisfy all requirements. Therefore, the most economical method
that may cover all the requirements is adding additional control
to the PV system (Singh et al., 2022).

Much effective research has been conducted to provide
additional control on the PV system (Jahan et al,, 2021; Harag
et al,, 2022; Yang et al.,, 2022), which generally can be classified
into voltage control (Varma and Salehi, 2017; Yi et al., 2018; Al-
Saffar and Musilek, 2020; Wang et al., 2020; Zhang et al., 2022),
and frequency control (Peng et al., 2020; Varma and Akbari,
20205 Li et al.,, 2021; Su et al., 2021). To enhance the PV system
voltage stability, a multi-objective hierarchically coordinated
VVC method with droop-controlled PV inverters is proposed
to maximize benefits of the inverter-based voltage control in (Xu
et al., 2022). In (Akagi et al., 2018), a comprehensive scheme to
determine a suitable method and timing is proposed for
upgrading the voltage control method. Voltage control
methods are expected to be upgraded in accordance with the
PV penetration in distribution systems. In (Callegari et al., 2021),
a minimum dc-link voltage control for efficiency and reliability
improvement of two-stage grid-connected PV inverters is
proposed. In (Jain and Singh, 2017), a two-stage circuit
topology is proposed, wherein the first stage is a boost
converter, which serves for maximum power point tracking,
and the second stage is a grid tied voltage source converter
(VSC), which not only feeds extracted solar PV energy into
the three-phase distribution system but also serves for
harmonics mitigation, reactive power compensation, and grid

current balancing. In (Karbouj et al., 2021), a self-adaptive
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voltage controller is proposed to enable solar PV power plant
participation in voltage control ancillary service based on the
reactive power capability estimation. In (Prasad et al., 2019), a
method to optimize dc-link voltage of distribution static
compensator based on load compensation requirement using
reduced switch count multilevel converter integrated with PV
system, which is capable of compensating reactive power,
unbalance, and harmonics demanded by three-phase
unbalanced and nonlinear loads connected to the distribution
side, leading to improvement of power quality. In (Procopiou and
Ochoa, 2017), a generic and practical remote voltage estimation
method for the end points of low voltage feeders is proposed to
substitute the need of remote monitoring without compromising
performance and, hence, avoid the corresponding investment.
For the frequency control (Li et al., 2021), proposes a novel
sliding mode control based adaptive power point tracking control
strategy to provide bi-directional primary frequency regulation
of an AC microgrid. In (Quan et al., 2020), a novel ac coupled
solution that transforms an existing grid-following PV system to
a grid-forming one without any hardware and software
modification of the PV inverter is proposed. In (Jampeethong
and Khomfoi, 2020), a new coordination of electric vehicle (EV),
wind farm, and photovoltaic for microgrid frequency regulation
is proposed, where the proposed adaptive proportional integral
(PI) controller is developed by using practical PI controllers. In
(Li and Baran, 2020), a novel controller for large-scale PV plants
is proposed, which uses a tracking linear quadratic regulator-
based controller to help the system frequency effectively track
that of a designed reference system with given inertia and droop
constants. In (Hoke et al., 2017), a predictive PV inverter control
method for very fast and accurate control of active power is
proposed, which will increase the effectiveness of various higher-
level controls designed to mitigate grid frequency contingency
events, including fast power-frequency droop, inertia emulation,
and fast frequency response, without the need for energy storage.
In (Pandey et al., 2021), a robust frequency cascaded adaptive
complex filter control for the grid interactive PV system is
proposed.

However, the influence of time delay on the signal
transmission loop has not been fully addressed in these
control strategies. The phasor measurement unit (PMU) plays
a more and more important role in PV control, where the time
delay is inevitable resulting from the time consumption of the
measurement, calculation, and communication. Additionally, the
time delay may vary from tens to hundreds of milliseconds due to
the various communication distance and performance of PMU.
With the occurrence of time delay in the measurement process
and the communication process between PMU and control
center (Huang et al, 2016), the connected PV may bring
destabilizing influence to the system. With the expansion of
the distribution PV  controller
without time

system, the conventional

considering ~ communication delay is
inappropriate for distribution system with high penetration
level. Most of the developed time delay compensation methods
are based on known system models. While the actual system is
under continuous adjustment with different types of generators
and load put into the operation or retirement. The model-driven

methods may have some limitation and is not appropriate for the
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FIGURE 1

Grid-connected photovoltaic power generation system.

current developing power system. For data-driven time delay
compensation methods, Long Short-Term Memory (LSTM)
networks offer significant advantages, especially when dealing
with sequential data and time series analysis. Some key
advantages of using LSTM networks includes: ability to
data,
capability of capturing non-linear relationships, adaptability to

handling long-term dependencies and sequential
changing patterns and dynamics, robustness to noise, and
availability of pre-trained models (Sherstinsky, 2020).

With the aim of reducing the control deviation caused by time
delay, a data-driven time-delay compensation strategy for PV
main contributions of this

controller is proposed. The

manuscript includes.

(1) Establishment of rate of change of frequency (RoCoF)
calculation block. To reduce the risk of system instability
caused by the time delay, a RoCoF calculation block is
established and deployed before the measured frequency
signal goes into the frequency controller.

—
58]
~

Raise of the data-driven time-delay compensation strategy.
Based on the Long Short-Term Memory (LSTM) network
and the RoCoF calculation block, a data-driven time-delay
compensation strategy for PV controller is proposed to
correct the delayed frequency accurately.

(3) Comparison of the control performance. For comprehensive
verification, the control effect of the proposed time-delay
compensation strategy is tested in a PV integrated IEEE
123 bus system and compared with traditional Recurrent
Neural Network (RNN) network.

2 Basic knowledge

The typical structure of a grid-connected photovoltaic power
generation system is shown in Figure 1 (Mohammed Benaissa et al.,
2017). The system includes solar array, DC/DC, DC/AC,
transformer, AC load and other components. The photovoltaic
arrays in the grid-connected photovoltaic power generation
systems can convert solar energy into electrical energy and
output direct current. After the DC voltage is boosted by the
DC/DC converter, the DC/AC inverter converts the DC into AC.
Through the control system, the AC output from the inverter can be
controlled to have the same amplitude and frequency as the grid
side. After passing through the transformer, the transmission of
electric energy to the grid is realized.
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The commonly used grid inverter control mode is the current
control mode, which is composed with current closed-loop
control to control the AC inductive current. At the same time,
in order to control the DC voltage of the inverter, a voltage loop is
added to control the DC voltage of the inverter, so the overall
control strategy is the voltage and current double closed-loop
control. Figure 2.

iy = Kpy (vge— thac) + Ky J(U;lc— Ugc)dt (1)
Vi = K iy ) + K [ 6 = )l @
v, = Km(i; —ig) + K3 J(i; —ig)dt (3)

As shown in Equations 1 and Eq. 2, and Eq. 3, the specific
process of the double closed-loop control can be described as
follows: The current i,, i, i, and the voltage u,, up, 1, can be
obtained from the power grid sampling. The voltage can be
obtained from the DC side sampling. The voltage phase angle
can be obtained from the grid voltage, by the abc/aff coordinate
transformation. The sampled DC voltage value u,, is compared
with the voltage reference value u*;, and the output i*; is
controlled by the difference value through the PI regulator.
Then the i*; value is compared with the active current under
the synchronous rotating coordinate system dgq which is obtained
from the sampling current on the network side after abc/af/dq
coordinate transformation, and the difference value can also
control the output D-axis voltage e*; by PI regulator. After
the coordinate transformation, the grid side current
component i, of Q-axis is compared with the reactive current
reference value i*;, and the difference can control the output
voltage signal e*; of Q-axis by the PI regulator. The D-axis
voltage signal e*; and the Q-axis voltage signal e*; can
transform to the D-axis reference voltage quantity v*; and the
Q-axis reference voltage quantity v*,. Finally, the D-axis
reference voltage v*; and Q-axis reference voltage v*; can
transform to the switch signal S,, Sj, S; of the inverter.

Considering the frequency drop after an event, it is necessary to
use an appropriate controller to adjust the active power output of the
PV to keep the system frequency at the nominal frequency, as shown
in Figure 3. Targeting at frequency response control, the measured
frequency is transmitted to calculate the frequency deviation.
Passing through a PI control, the output will be added to the
active power reference for power reallocation, so the system
frequency can be gradually restored.

In the normal operation process, there will inevitably be
corresponding communication delay and operation delay from
voltage transformer, current transformer to data processor,
resulting that the control of the grid-connected photovoltaic
power generation system is not strictly real-time control. In this
case, if such a long delay occurs in a distributed system, the
operation of the system will be greatly impacted. In addition, due
to the delay of system control, when the system is disturbed, the
system cannot timely intervene the disturbance. In serious cases, the
control behavior of the control system will even have the opposite
result, reducing the stability of the system. Thus, a reliable time-
delay compensation strategy is required in the PV penetrated system
when providing ancillary frequency service.
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The double closed-loop control of the inverter.
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The time delay in the control system.

3 Data-driven time-delay 3.1 Preliminaries on LSTM
compensation strategy
To improve the numerical instability of RNNS, several tricks such as
The time delay compensation strategy is based on LSTM  new structure design are developed and implemented in the sophisticated
networks, which have a strong capability of dealing with time  sequence models. LSTM is one of the promising models that solves the
series data. This section will demonstrate the basic idea of LSTM  problem of preserving the long-term information and skipping short-
network, and the establishment of the data-driven time-delay  term input (She etal, 2022). Figure 4 shows the basic cell of LSTM. Apart
compensation strategy based on LSTM. from the typical input and output, the cell also includes a few gates

Frontiers in Energy Research 04 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1271738

Shen et al.

Output
2
@
tanh
¥
F o —©Q
orget Input
‘ o o i t Z;TSL“
[+ 1L+ L+ 1L+ ]
I A I
2 @)

Hidden date ‘-------- —

FIGURE 4
Basic cell of LSTM.

recurrent units (GRUs), memory, candidate memory and hidden state.
They are illustrated as follows.

3.1.1 Gate recurrent units

There are three gate recurrent units utilized in LSTM: i). Input
gate I, is to decide whether to read data into the cell; ii). output gate
O, is responsible for reading out the entries from the cell; and iii).
Forget gate F, is designed for resetting the content of the cell. The
hidden states and the input data are fed to the three units and
processed by fully-connected layers with sigmoid activation
functions. The output of the three GRUs are calculated as follows.

Iy =0(Xiu W + HW,; +b))
Fro = 0(Xea Wep + HW,s +by) (4)
Ot+l = O'(XHI Wy + HW,, + bo)

Where Wy, W Wy, Wy, W, and W, are weight parameters, and
b;, bs and b; are bias parameters.

3.1.2 Memory and candidate memory

LSTM can choose to remember or forget the information from the
last time slot, leveraging the input gate and forget gate. First, candidate
memory is generated using a tanh function as activation function.

Ci1 = tanh (Xps; Wy + HH W, + b,) (5)

where Cy,, is the output of candidate memory. Then, the current cell
memory is generated through fusing the past cell memory and
candidate memory as follows.

C=F,0C+I,,0 éHl (6)

Where © is the Hadamard (elementwise) robust operator. The
combination of past cell memory and candidate memory enables the
pass of cell memory and thus alleviates the vanishing gradient problem.

3.1.3 Hidden state

As shown in (13), hidden state H, is calculated by integrating the
current memory into the last hidden state. H; belongs to [-1, 1]
because it is processed by tanh before passed to the next cell.
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H, = O, © tanh (C,) (7)

With the special designs above, LSTM can finally capture the
dependencies from historical data and predict the future value
accurately.

3.2 Delay compensation strategy with LSTM

This subsection dives into the implementation of LSTM for
delay compensation of frequency regulation of PV. Basically, the
strategy can be split into two steps: the offline training and the online
Details are demonstrated

compensation. in the following

subsections.

3.2.1 Offline training

As introduced in Section 3.1, the LSTM network is capable of
predicting future data trend based on the historical data, so large sets
of data need to be trained offline in advance. In the case of PV
penetrated distribution system, various scenarios are simulated to
feed the training, with different steady states and transient states.
The steady state will cover different PV penetration and delay time
constant, while the transient state will handle different load change
amount and load change location. These scenario settings can cover
most of the possibilities in the real world when the PV provides the
frequency regulation under load variations, since severe
contingencies will cause the PV to be cut off, in which case time
delay can no longer take the major effect.

For each scenario, the Power System Computer Aided Design
(PSCAD) performs the simulation and stores the PV bus frequency
with and without time delay. The delayed bus frequency will be
packaged as the input for the LSTM training, while the undelayed

bus frequency will be the output.

3.2.2 Online compensation

After the offline training, the trained LSTM network is ready for
the online compensation purpose. Figure 5 shows the overall
structure of the time-delay compensation strategy. In a grid-tied
PV system, the voltage and current are measured from the local PCC
point. The PMU at the same bus collects the frequency magnitude as
well as the phase angle. Typically, the time delay happens from the
PMU to the frequency control inside the PV. With different
disturbance types, the delay constant varies from dozens to
hundreds of milliseconds. The trained LSTM is deployed before
the measured frequency signal goes into the frequency controller so
that the negative impact of the naturally-existed time delay can be
reduced.

Considering the normal system conditions without any event, a
threshold is designed to limit the redundant operation of the
compensation control. An activation control is proposed to start
or end the delay compensation strategy, which can be described in
Eq. 8.

1, RoCoF > 0.5Hz s

0, RoCoF < 0.005Hz/s ®)

Activation = {

where RoCoF is the rate of change of frequency, which is the time
derivative of the power system frequency, as shown in Eq. 9.
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FIGURE 6
The topology of the modified IEEE 123 bus system.

_df
RoCoF = ar 9)

In the activation control, a RoCoF calculation block is
equipped to receive the measured frequency and output the
RoCoF value under same sampling rate. It is assumed that,
when RoCoF is larger than 0.5 Hz/s, then the activation signal

jumps to 1, indicating the LSTM compensation strategy is started.
When RoCoF is smaller than 0.005 Hz/s, the activation signal
becomes 0, which means the compensation block is deactivated.
The starting and ending threshold avoid the frequent operation
of the compensation block, since it is hard to predict the
fluctuation of the frequency waveform under a normal system

condition.
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TABLE 1 Datasets design.

Variable type

Steady-state variable

10.3389/fenrg.2023.1271738

Transient-state variable

Variable Data range Explanation
PV penetration [0.100%] Pick 1 point every 10%
Delay time constant [0 m, 100 m] Pick 1 point every 10 m
Load change amount [0kW, 2000 kW] Pick 1 point every 200 kW

Load change location

TABLE 2 LSTM hyperparameters.

Hyperparameter Value

Optimizer Adam

Initial learning rate 0.005
Learning rate decaying 0.2
Learning rate decaying 125
Maximum episode 200

4 Case study
4.1 Model description

The IEEE 123 bus system is a widely used test model for research
in distribution systems. As shown in Figure 6, the IEEE 123 bus
system is divided into 5 sub-networks for location diversity. To
observe the frequency response more clearly, the original voltage
source connected to node 150 is replaced by a conventional
generator. Two different buses are picked to be connected to the
PV station: PV1 and PV2 are connected to node 151 and node
54 respectively. The modified IEEE 123 bus test model is established
in PSCAD.

4.2 LSTM training design

Before implementing the offline LSTM training, the dataset
generation should be carefully designed to guarantee the
sufficiency and comprehensiveness of the training data.

For each steady-state or transient-state variable, the training
dataset is generated within certain range, listed in Table 1.
Basically, ten points of each variable are picked as candidate
training scenarios, so there are le* groups of datasets in total. It is
noted that for the two PV stations, the delay time in each PV may
be same or different. If taking the delay time difference into
account, there would be numerous possibilities. Therefore, it is
critical to verify the generalization of the delay time constant,
especially the different delay time constants in the two PVs of the
untrained scenario.

The input of the LSTM is the delayed bus frequencies of PV1 and
PV2, while the output of the LSTM is the original frequencies of the
two PVs, which can be also considered as the expected compensated
frequency signals.

After designing the training scenario and generating the
datasets, the LSTM is conducted with the hyperparameters listed

Frontiers in Energy Research 07

Nodes in 5 areas Pick 2 nodes in every area

in Table 2. Then the well-trained LSTM can be applied in the
compensation strategy in Figure 5 to predict and update the
frequency signals in both PVs.

4.3 Simulation results

To better validate the effectiveness of the LSTM base delay
compensation strategy, two cases with different PV penetration,
delay time constant, load change amount and load change
location are designed in Table 3. The datasets for validation
are distinguishable from the training datasets. In Case 1, the delay
time constantis 100 m for both PV1 and PV2; while in Case 2, the
delay time constant is 80 m for PV1 and 110 m for PV2. The two
cases correspond to the trained (same time delay for each PV)
and untrained (different time delay for each PV) scenarios,
respectively.

The simulation results are compared with the traditional
RNN network, which is the parent category of the LSTM
network. Except the additional RoCoF calculation block as
well as the LSTM activation control, all the input and output
training data keep the same for RNN and the proposed time-
delay compensation strategy.

Case 1: 1000 kW load increase at node 105 att = Is.

Figure 7 shows the dynamic response of the frequency signals at
each PV station. The frequencies without delay, with delay and with
two compensated strategies are compared in one diagram. From
Figure 7, several observations can be carried out.

o The time delay degrades the performance of the frequency
control from the following three aspects: 1) The frequency
response delays 100 m for both two PVs when the contingency
occurs; 2) Oscillation arises right after the load increase; 3) The
frequency nadir is 0.004 Hz lower than the signal without
delay for each PV.

o The frequency with the proposed compensated strategy can
enhance the control effect with respect of both the starting
period and the frequency nadir. When the frequency begins to
drop after the load increase, the oscillation occurring in the
delayed signal is diminished. In addition, the frequency nadir
after the compensation is increased and very close to that of
the frequency without delay. The frequency behavior indicates
that the LSTM has a high prediction accuracy on the validating
dataset.

« At the very beginning of the frequency drop, the compensated
frequency is not fully tracked with the frequency without
delay. Due to the LSTM activation control, the proposed delay
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TABLE 3 Validation cases.

Case no. PV penetration (%) Delay time constant

10.3389/fenrg.2023.1271738

Case 1 20 100 m for PV1

100 m for PV2

Case 2 40 80 m for PV1

110 m for PV2

= With delay

WO delay ~ — ~C

Load change amount (kW) Load change location
1,000 Area 5: Node 105
1,200 Area 1: Node 18
d with the pl d gy e o d with RNN

T

T T T T 3
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Time(s)

60 F T T T

= 59.98
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c

o
2 59.94

<
w 59.92

59.9

Time(s)

FIGURE 7
Frequency at PV1 and PV2 in case 1.

compensation strategy will not be switched on until obvious
RoCoF is detected. Therefore, the compensated frequency
follows the delayed frequency for 100 m in both PVs. Based
on this reason, the first cycle of frequency spike will be skipped
since the duration of which is very short.

o Compared with the traditional RNN method, the proposed
time-delay compensation strategy performs better to track the
undelayed frequency signal in terms of the steady states and
the key points, resulting from the LSTM activation control and
the superior attributes of the LSTM network itself.

Case 2: 1200 kW load increase at node 18 att = 1s.

Case 2 is designed under a bigger contingency, with a larger PV
penetration (40%), a larger load increase amount (1200 kW), and an
event location more adjacent to the generator. In addition, to verify
the generalization of the different delay time constant in PV1 and
PV2, the time delay in PV1 is 80 m and 110 m in PV2.

The dynamic response of frequency at each PV station is shown
in Figure 8.

From Figure 8, the frequency without delay, with delay and with
compensation are clearly compared. The following conclusions can
be drawn in Case 2.

Frontiers in Energy Research 08

With the different time delay in PV1 and PV2, the impact is
still obvious but with some difference in the two PVs: 1) In
PV1 (above), the delayed frequency lags 80 m to the frequency
without delay; while in PV2 (below), the delayed frequency
lags longer (110 m) than in PV1. 2) The nadir of the delayed
frequency is 0.003 Hz lower than that of the frequency without
delay at PV1; The nadir difference rises to 0.005 Hz at PV2. 3)
In both PVs, the delayed frequency has oscillation after the
load increase happens.

Although the difference of delay time constant is not included
in the training dataset, better performance can be achieved in
both PV1 and PV2 when the delayed frequency is corrected
with the compensation strategy. The oscillation at the
contingency beginning period can be alleviated. The
frequency nadir can be improved and close to that of
frequency without delay.

Similar drawbacks still exist regarding the first cycle of the
frequency spike, which cannot be fully tracked by the
compensated  signal  generated by the proposed
compensation  strategy. ~ However, the frequency
performance in the beginning and the nadir is still better
compared to the RNN method.
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FIGURE 8
Frequency at PV1 and PV2 in case 2.

TABLE 4 Compensation error of each case.

Proposed strategy

PV1 PV2
Case 1 0.4857 0.5094 0.0625 0.0884
Case 2 1.0737 1.3787 ‘ 0.1660 ‘ 0.1515

To make the comparison more clearly, the compensation errors
of the two methods are calculated according to (10) and listed in
Table 4.

CE= Z |fcom_fund| (10)

time

where CE is the compensation error. F,,, is the compensated
frequency while f,,,; is the undelayed frequency.

It can be concluded that the proposed time delay compensation
strategy shows less error when predicting the undelayed frequency
signal. Besides, the CE of Case 2 is larger than Case 1 for the
following two reasons: the frequency deviates larger in Case 2 since
the event is designed to be bigger; The scenario with different time
delay constant in PV1 and PV2 is not trained, which may bring more
error.

In general, the well-trained LSTM can provide accurate
correction has
which is

signals for frequency control. It

generalization ability for

strong
delay time constant,
beneficial to its employment in real system. In addition, since
LSTM method is inherently robust to noisy data, it can filter out
noise and focus on the underlying patterns, which improves its
feasibility for real-world data that often contains various sources
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Time(s)

of noise. With the delay compensator, the frequency control can
address the random time delay and improve its control
performance significantly.

5 Conclusion

In a modern distribution system with PV integration providing
ancillary frequency regulation, the time delay issue in the measured
frequency can degrade the performance of the frequency control in
PV station and even results in instability. To address this issue, this
paper further proposed a data-driven time-delay compensation
strategy, which leverages an LSTM network and an LSTM
activation control based on RoCoF calculation. The performance
has been verified in a modified IEEE 123 bus system, and compared
with traditional RNN network. In general, the proposed time-delay
compensation strategy performs better to correct the delayed
frequency signal in terms of the steady states and the key points,
benefiting from the LSTM activation control and the superior
attributes of the LSTM network. In addition, LSTM has a strong
generalization ability for delay time constant and can deal with the
random time delay caused by communication and disturbances in
distribution systems. After employing the delay compensation
approach, the performance of PV frequency regulation is
improved significantly.
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